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RHIC Spin

RHIC Spin is a unique program Q e “

PHENIX and STAR are truly complementary

\-/
arXiv: 1501.01220 @

The RHIC Spin Program
Achievements and Future Opportunities

Instead of presenting only PHENIX results I’11
give you a more complete and coherent picture

of Spin results from RHIC, with focus on
longitudinal spin (helicity) measurements




Nucleon Helicity Structure

Naive parton model:

1 1 => Gluons are polarized (AG)

—=—(Au, +Ad,) |

o v => Sea quarks are polarized: For complete description
1989 EMC (CERN) \ include parton orbital

: I 1 _ '
AX=0.12+0.09+0.14 > —(Aq + Ag )+ AG angular momentum L;:
- . —_—\J —_—\J i 2 2
AS = Au+Ad + As + Ait + Ad + AS \

(Ag+AG)+AG+L,

i
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=> Spin Crisis

Determination of AG and Ag-bar has been the main
goal of longitudinal spin program at RHIC ;



From DIS to pp:

(semi)DIS
QQ'_; S
e
o e} ——
Probes AG: Probes AG:
Q2 dependence of quark PDFs Directly from gg and qg scattering
Photon-gluon fusion
(Anti-)quark flavor separation: (Anti-)quark flavor separation:
Through fragmentation processes Through ud —=W?* and ud =W~

Complementary approaches



RHIC as polarized proton collider

Absolute Polarimeter

(H jet) RHIC pC Polarimeters

7,

m

70% Polarization

L. =2x10%s"cm™

BRAHMS & now A,DY

Q) PHENIX 50 <+/s <510 Longitudinal Spin Running in PHENIX/STAR
\ L [pb™"]
Year Vs [GeV] (recorded) Pol. [%]
Spin Rotators 2003 200 0.35/0.3 27
o 2 x 1( 2004 200 0.12/0.3 40
Partial Siberian Snake e = 20 ;
uNaC o 2005 200 3.41/3.1 49
2006 200 7.5/6.8 57
Pol. Proton Source

500 wA, 300 us / 2006 62.4 0.08 / - 48
-~ 2009 200 16 /25 55

200 MeV Polarimeter ~ A
Rf Dipoles 2009 500 14/10 39
2011 500 18 /12 48
2012 510 32 /82 53
2013 510 155/ 300 53




PHENIX and STAR

C
DETECTOR

EEEEE
COUNTER

— » | PHENIX:
== High rate capability
High granularity
Good mass resolution and PID
Limited acceptance
Upgraded to forward capabilities, inner tracking

.\/___
P H>>><<<E N I x /\ STAR Detector “

Coils —~Tracker

STAR: e, g o T grelilen
Large acceptance with azimuthal symmetry O
Good tracking and PID

Central and forward calorimetry

Upgrades to higher rate capabilities,
Inner tracking

Electronics
Platforms

Forward Time Projection Chamber
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Probing AG in pol. pp collisions

do™ —-do™

pp — hX

ZAfa R Af, RdG =X .&{sz*f?( ®D?

do™" +do*”

2 £, ® f, ®do’ "~ ® D}

Aq Agq
q g

LL

v

0.5 F

0.75 |

0.25 F

gg-gg D qg-qq

B qq»qq E gg-qq

C qq'»qq' qq-gg
99-q9  q3-gy

; qg-»qg q9-q'q’
g 9g-qY qq-l1

1 Laosalaaal 1 Laaalaaals |
0.8 -0.4 0 0.4 0.8
cosv

Double longitudinal spin
asymmetry A | is sensitive

to AG
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AG: 0 and jet A,

- PHENIX: pp — n%+X Inl<0.3I5

| 510 GeV: Run13 (Preliminary)
| 510 GeV: rel. lum. (shift) uncertainty N
[ ] 200 GeV: Run6-9 (RRD90,012007)

200 GeV: rel. lum. (
510 GeV /200 GeV pol. scg

Bhift) uncertainty
le uncert. $.5% / 4.8%

-----

<_l
0.04

0.02

| STAR p+p — Jet+X

—=— 2012510 GeV R=0.5 |1)|<0.9
— —e— 2009 200 GeV R=0.6 |1|<1.0

Relative luminosity uncertainty
LSS10p

— DSSV'14
NNPDF1.1

Prelim.

o S
{ }
| Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted) B #6.5% polarization scale uncertainty not shown
L 1 L L l L L L L 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1
0 0.05 0.1 0 0.1 0.2 0.3
x7 (=2p,/\s) X; (= 2p_/Vs)

First observation of non-zero A |
associated with non-zero AG !



0.05

| dx Ag(x)

;O 0.001

DSSV:

AG: DIS+pp global QCD fit D. de Florian

R. Sassot
M. Stratmann
W. Vogelsang

III'I'"IYIYY

90% C.I.. region
" DSsv= )
90% C.I.. region
[ 4 DSSV ) DSSV: Phys Rev Lett, 101, 072001 (2008)
N . Data from up to 2006
! | New DSSV: Phys Rev Lett, 113, 012001 (2014)
R ] Data from up to 2009
- Q =10 GeV” : 1
F= eV” 7 +0.06
N PP PR PR PR I deAg(x)=O'2—O.O7
02 0.1 -0 0.1 , 02 0.3 0.05
[ dx Ag(x)

0.05

Significant non-zero Ag(x) in the kin. region probed by RHIC
Similar result from another global fit NNPDF

Still huge uncertainty in unmeasured region (x<0.05)

=> Measurements at higher \s and forward rapidity



AG: Near Term Projections

0003 ————————————————— [~ * 1 " "™ " "1 " ' ]
L ] 0.04 ~ ®=== NEW FIT —
- 0 . r with Ay’=1 and 90% C.L. bands ! I
002 F AT ] L ——- DssV S|
r LL ] 0.02 - N
0001 F - Ajet 0 [ Ancampm T o o T _| Projected Statistics for | |
L ] LL b Runs 9+15 Combined ]
| C | L | | ]
0 ST ULITIIII IR T — C T T I T T T T T T T T T T ]
0.04 STAR 2009 run _
3 ] C mi<os ]
-0.001 - - F i 05<n<10 7
=— DSSV 2014 b 0.02 — —
C with 90% C.L. band ] r ]
-0.002 - + proj. incl. ° data: 7 jet ’ .
: 510 GeV, 3.1 < <39 1 ALL L .

-0.003 U T S S S R T SR R R R S - . | . X N X 1 X N X X | N

3 4 5 Py [GeV] 10 20 30

70 in forward region at Vs=510 GeV (PHENIX): Inc. Jet at Vs=200 GeV (STAR):
Based on collected 2013 data Based on 2009/15 data
Probes lower x down to ~10-3 Considerably improve exp. precisions
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dx Ag(x.Q%)
o
~

X
min
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S
fo

AG: Near Term Projections

1 1 rrrrri I 1 1 rrrrri I 1 1 rrrrri
I S emaricans | AG fit in each x bin
2_jdx Ag BN DSSV 14 N
s RS T Siiewwews]  Innermost band: after inclusion of
SR - = = [ dx Ag for DSSV 14 .
: - hoxseto . projected data up to 2015
[ | x>0.01 mainly from central rap. data
I e o | x<0.01 mainly from forward rap. data
i ] Significant improvement expected soon,
2 2 S
I | IQ =10GeV™ 1 particularly at x<0.03
-3 -2 -1
10 10 10 X 1

Other channels are also being measured
v, M, £, h+, heavy flavor through e and p
jet-jet, h-h, y-jet, y-h

Will serve for syst. effects study in Ag(x) fit



0.04

0.02

-0.02

-0.04

(Anti)quark flavor separation

DSSV: PRL 101, 072001 (2008)

Mainly from SIDIS:

Fragmentation
functions to tag
(anti)quark flavor

— DSSV -
- -~ DNS DSSV a’=1  qf 5 5 ]
—-— GRSV DSSV Ayiy’=2%4F Q" =10GeV
1 |llll| 1 1 Illllll 1 1 llllll— llll 1 ||ll ]]]l 1 F— llll
E : 2 1 2 ]
10 107 % 10 10" & 10 10 =

ptp — W= — (e/u)*+ v

» Parity violating W production:

Fixes quark helicity and flavor:

du, =W~
» No fragmentation involved
» High Q? (set by W mass)

u,d, = W*

v —ux)d (x,) + Ad (x Ju(x,)
- u(x,)d (x,)+d (x)u(x,)
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W: A vsn

AV _ -Au(xl)_c? (x,)+ _AE (x)u(x,) AV —Ad(x))i(x,)+ Air(x,)d(x,)
u(x)d (x,)+d(x)u(x,) d(x)u(x,)+u(x)d(x,)
STAR
A -
L p+p yWEq4 X > e+ X fam mma - i —p*
()_4{ star - - ¢ Central (barrel) region (W—e*, |n|<1)
25 < Ef < 50 GeV ] Data from 2009: PRL106, 062002 (2011)

Au ! e i Ad Data from 2011/12: PRL113, 072301 (2014)
Forward (endcup) region (W—e*, 1<|n|<2):
Forward tracker upgrade, first data from 2013

W= W* RHICBOS

"t | PHENIX

"""" —— — —— |- DSSV08
—0.2 B N cHE Central Arms (W—e*, |1 |<0.35)
0. A" ~ J=— A" = _Au 2009 data: PRL106, 062001 (2011)
d \ u 2011-13 data: “Preliminary”
—0.4 = |
E 1 1 .t Forward Arms (W—u*, 1.2<|n|<2.4):
=2 =1 0 ! £ 2011-13 data: “Preliminary”

Crucial to measure in wide rapidity range =
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dN/dp¢ (Gev/c)'

Central region: W= — e*

» Triggered by energy in EMCal

PHENIX: [n|<0.35

» Momentum from energy in EMCal

» Charge from tracking in B field

Q,
T

dN/dp? (GeVie)'!
3
T

—~—
PH:-<ENIX
preliminary

vl ) N N
20 30 40 50 60 0

Y 80
P; (GeVic)

Events / 2 GeV

Events /2 GeV

150

300

200

100

STAR: [n|<0.5  STAR: 0.5<|n<1.1
Electron n,|<0.5 Electron 0.5<[n,|<1.1
" —+ STARData ] Second EEMC
---W-=evMC B W-tvMC
[] Data-driven QCD Il Z-eaMC

Positron [n_|<0.5

E2 (GeV)

+ J 11
10 20 30 40 50 6010 20

30 40 50 60
E7 (GeV) 14



0 BR(W—e v) (pb)
s
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107

Cross section

E —— CHE (NLO - MRST2002) W*

CHE (NLO - MRST2002) W

>

>

ATLAS W+
ATLAS W

cms w*
cMsw

PHENIX W*
PHENIX W

STAR PRELIMINARY W*
STAR PRELIMINARY W

1

L 1 1
1000 2000 3000

1
4000

Il 1
5000 6000 7000

Vs (GeV)

Central region: W*= — e*

PHENIX: 2011-13

0.8

0.6}

0.4 o PHENIX Run 2013 p+p 510 GeV
F (10% scale uncert.)

0.2

Twsz°

CHE

04 - —DSSV

' T e = --- DNS max
.0.6-P > 30 GeVic T PH-<ENIX — DNS min

1y, <035 [ preliminary __ psy std
08 T — GRSV val
_4.-|\IIIII\|l||l|I!1|||Il1|l|IllIII\IIII“II||[l||||||\|||||||I\Illlllllllllll\

-1.5 -1 0.5 0 0.5 1 15 -1.5 -1 -05 0 0.5 1 15
ye ye

STAR: 2011/12

—> + .
p+tp - W* —e*+ v
r Vs=510 GeV 25 < E$ < 50 GeV

i~ £+ STAR Data CL=68%
_ - DSSV08 RHICBOS
---.-.-.. DSSV08 CHE NLO
- -----s o LSS10 CHE NLO
DSSV08 L0 Ay?/x%= 2% error
3.4% beam pol scale uncertainty not shown
S S T T O S MO ST N MO N |

-1 o 1 2
lepton

Au-bar tends to be more positive

Symmetry breaking in polarized quarks?
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W: Central vs Forward region

| P; projection -1.0 < 1< 1.0 |
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D'

Y
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Clear Jacobian peak
at central rapidities

| Py projection 1.2 < 1 <3.0 |
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ooi
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pl

Y

Suppressed/No Jacobean peak
at forward rapidities
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Forward region: W* — p*

PHENIX

ZDC South

=

full>

RPCS

ZDC Nornth

[==1
-l
-l

Muon Arms: 1.2<n|<2.4 A¢@=2n

Muon Tracker (MuTr)
Tracking, Momentum
Muon Identifier (MulD)
wh separation
Resistive Plate Chamber (RPC)
Timing, background rejection
Forward Vertex Detector (FVTX)

More precise tracking, background
rejection

Dedicated Trigger

Based on MuTr and RPC
To tag high pT muons

17



Forward region: W= — p=*

P, spectrum (stacked) u

i

o
(X

do/dP, [pb/GeVic]
5 2

—

10"
10?

If include hadrons

(misidentified as p), h—pu (fake
high pT) and pT smearing

MuTr

5 10 15 20 25 30 35 40 45 50 55

p, [GeV/c]

MulD

RPC3

Absorber

Absorber

PHENIX
P, spectrum (stacked) u*

C——1 W- had
Wt
. W-u
=3 zZ/DY
I orenbottom
[ directy
I onium
I opencharm

/1 onl
| ﬂaﬂr&g

Q

o
w

do/dP, [pb/GeVi/c]
> 2

-
o o
r - -

5 10 15 20 25 30 35 40 45 50 55
p, [GeVrc]

Muon background:

Heavy flavor

Quarkonia

Decay muons

7Z/DY
Etc.

Not significant at >15 GeV/c

Total background, accounting for all sources and smearing:

10 South Arm i
= W— had I Wt
10’ . woy [0 2oy
. openbottom = direct 7
[ | onium [ opencharm
_ Hadrons —— Data

10°

BERR0

South Arm ™

W— had [
Wou |
openbottom (|
onium

Hadrons

Wt

z/Ioy
direct 7
opencharm
Data




Forward region: W= — =
PHENIX

o(pp—W*)x BR(W— F) total cross section

Sampled range

-

10<n<

-0.35<n<0.35

11<n<25 .

| I |

.0 e e

2013 :J. Ldt = 277 pb”

I

| R

| R

—— RHICBOS

——— CHE

*

A

PYTHIA

STARW— e
PRDSS (2012) 092010

PHENIX W— e
PRL 106 (2011) 062001

PHENIX W—

v
PH: ENIX
preliminary

| R |

L 1
50 100

I
150

200

L
250 300

6(pp—W*)x BR(W— F) [pb]

Measured cross section agrees with
calculations within large uncertainties

A, uncertainties are still large

Improve S/B

Tracking alignment — reduce
momentum smearing and improve

charge reco

Ay

S/B = 0.2—1 depending on n

1.0 . — T
WHZoutet Pi>16 GeV P > 30 GeV g
[ Run 13: p+p at ys =510 GeV [®] A} (2013) [®] Aj (2009-2012) ]
[®] A (2013)
NNPDFpoll.1
0.5 GRSV .\J'I'[)
DSSV

DNS KKP
DNS Kretzer

LI

1.0p— : , ; ;
[ WH+Z-u e PH\?NIX * STARAS(PRL 113 (2014) 072301)
N A, e DSSV E,>25 GeV
preliminary
0.5
J..:::ttt.. 8 Tr—

Sampled Luminosity

277 pb™ perarm (2013)

-2 -1

0 1 2
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W: projection

0.5

-0.5

T prpoW

{s = 510 GeV
L = 716 pb™ (delivered)
<P> = 53%

| STAR PHENIX

B o W S pt + X (E;':_>1sGeV)

| 1 1 1 1 | 1 L L 1 |

s W oe*+X (25<E] <50GeV)

- - EE—- CHE-DSSV (E_ > 25 GeV, Ay/y2= 2%)

-2 -1 0

RHIC W-data will give a significant
constraint on anti-quark polarization

in

the proton

0.02

-004 -

0.02

-0.02

-0.04

X 20



RHIC -> eRHIC

Electron — lon Collider

Add electron ring to existing RHIC proton/heavy ion ring or
Add proton/heavy ion ring to existing electron ring N

Back to DIS but at much higher luminosity
(x100-1000 as HERA)

And much higher Vs (with both beams polarized)

0_04:_ XAU _: :_ XAd —: 0.04
r all uncertainties for Ay’= 9 1T ]
0.02- i - 0.02
oF 0
-0.02F DSSV 4k 1-0.02

1t ] Cold lon Collider Ring
_0_04:_ EIC 5 GeVon 100 GeV ] _ _ -0.04 (8to 100 GeV)

[ EEEE DSSV and

& 5 GeV on 250 GeV
- _ 1 - 0.3
0.04F XAS JF XAg ]

r 16 —f 0.2

0.02F u ] Warm Electron  IP
- . 1 ] Collider Ring

(3t0 12 GeV)

lon
Source

Booster SRF Linac

-0.02f- JF
- 1k Electron Injector

0.04F Q%= 10 GeV? o

pol vl .......-:_ ol vl .....i -0.2

12 GeV CEBAF




Summary

RHIC Longitudinal Spin program:

How do gluon contribute to the proton Spin
Non-zero (in the limitted x-range) and comparable to quark contribution

Plan to study lower x (data already collected!)

What 1s the flavor structure of polarized sea in the proton
Au-bar tends to be positive, Ad-bar tends to be negative

Will see the more precise conclusion very soon
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Outlook

1 1
o —=—AZ+AG+ L

22

(Anti)quark Gluon Parton Orbital
Contribution: Contribution: Momentum:
0.15-0.20 0.1in 0.05<x<0.2 27?7
Lattice QCD:
quark contributions to the proton spin L e T
' ' | - Q°=10 GeV? ]
o current b
04 ¢ i AXY/2 y 0.5 __ data __
0.2 [ (D L
Q&. ~~~~~ ——=—f ~——___ l:: _______ . <0 B ]
0 i ]
05 L 8 DSsv+ ]
02, * j duki AX9/2 Ly EIC 20x250 |
L all uncertainties for AXZ=9 4
; — Al n o n 0 0 n 0 0o n nn N o g
0.2 04 0.6 ! 0.3 0.35 0.4 0.45 24
m,? (GeV?) Ax



AG: Near Term Projections

(\]A LLRRRLLL | T |||||IT| T |||||I11
q == DSSV 2014 A
\N/ with 90% C.L. band |

oo 0.8 [ projection with —
i RHIC data < 2015:
o 5 ?—1;31;60 &510GeV |
06 e e

° mid & fwd rapidity
04 —
0.2 —
0 .....................................
-6 -5 4 3 2 -1
10 10 10 10 10 10 X 1
min

25



AG: Near Term Projections

<:‘, 0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

-0.005
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Di-Jet projections in STAR

Cone alg. (R=0.7)/ Er; > 5GeV Eq, > 8GeV
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]

W: Decay lepton kinematics

proton 1

L |

W-

[W v vt qeaa )
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e LI N |
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0.5~

W: STAR Projection

STAR Run 2013 Projection

p+p > W' Set+ v

¥s=510 GeV 25 < E] < 50 GeV W
-1
Ldellvered =460pb

FGT was fully installed for Runl3

e Extension of backward and forward
acceptance enhances sensitivity to
u and d quark polarization

—_— e DSSV08 RHICBOS +
---------DSSV08 CHE NLO W
et v LSS10 CHE Nl.20 . . . .

DSSV08 L0 Ax’/x?= 2% error o] H|gher precision result is expected

3.4% beam pol scale uncertainty not shown

P e e from much larger statistics of
1 0 1 2 e o
lepton n runl3 database (being analyzed).



d/u

Central region: W*= — e*

C 3 0.2 —

22 :_Fernnlab E866 - 1I-Yan _ Sea asymmetry .

CTEQ¥M ~ 0.1 ]

2L NA 51 o .
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18} 7 .
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3
PRD 64, 052002 (2001) 1w 0 . 107 !
Unpolarized sea is not symmetric Symmetry breaking in polarized sea?
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From Inclusive Pol. DIS
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Unpol. Cross Section and pQCD in pp

PHENIX pp— 7 X
PRD76, 051106

STAR: pp—jet X

PHENIX pp—y X
PRL 98, 012002

E*d’c/dp’ (mb-GeV?.c?)
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Good agreement between NLO pQCD
calculations and data = pQCD can be used to
extract spin dependent pdf’s from RHIC data. 31
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AG is dynamic value — Q2 dependent

AG can be large at large Q? (and can be >>1/2) no

matter how small it is at some low Q?
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